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Objective To study the inﬂuence of gender and age on the course of infection and the
cytokine response in a murine model of disseminated cryptococcosis.
Methods The course of the infection (survival and fungal load in blood and tissues) as
well as pro-inﬂammatory and anti-inﬂammatory cytokine responses in plasma and
organs were compared according to gender and age in outbred mice previously infected
with Cryptococcus neoformans NIH52D.
Results Although survival and fungal load were similar in male and female mice, the
expression of all cytokines in plasma and of tumour necrosis factor-a and interferon-g in
spleen was signiﬁcantly increased in female mice compared to male mice in two
independent experiments. Young male mice had a signiﬁcantly shortened survival, were
signiﬁcantly more infected and had predominant tumour necrosis factor-a and inter-
feron-g responses in comparison with older male mice.
Conclusion Host factors should be taken into account when studying the immune
response to experimental C. neoformans infection. Our data support epidemiological
and clinical data showing differences in susceptibility to cryptococcosis according to
gender and age.
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INTRODUCTION
Cryptococcus neoformans is an encapsulated yeast
mainly responsible for life-threatening meningitis
and disseminated infections, including fungemia
[1]. Cryptococcosis, like several endemic invasive
mycoses, is characterized by its predominance in
males [2–5] and in people 45 years old in the
HIV-uninfectedpopulation [3]. Several in vitro and
experimental studies have documented the pre-
sence of steroid hormone receptors in fungi, and
the inﬂuence of sexual steroids on fungal growth
and also on fungal burden in tissues [6–8]. It is also
well known from experimental or in vitro investi-
gations [9–15] and from human studies [16,17] that
sexual steroids inﬂuence immune responses. In
addition, data from murine studies suggest an
age-related dysregulation of cytokine production
[18,19], although a recent review of studies in
humans did not ﬁnd consistent age-associated
changes in cytokine production [20].
Models of pulmonary or cerebral cryptococco-
sis, obtained experimentally after direct inocula-
tion ofC. neoformans, have been developed, usually
in young female mice, to identify local anticryp-
tococcal defense mechanisms [21–23]. Thus, the
most frequent clinical situation, disseminated in-
fection in young men [4], has rarely been studied
experimentally. Furthermore, the inﬂuence of
age or gender on both the course of infection
and the immune response has never been studied
in cryptococcosis, although gender or age have
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been reported to inﬂuence the course of various
experimental infections [24–27]. We thus decided
to evaluate these host factors during disseminated
cryptococcosis in outbred mice inoculated intra-
venously, a model that closely approximates the
clinical situation [28].
MATERIALS AND METHODS
Infecting organism
The isolate of C. neoformans serotype D (# NIH 52
D) was subcultured in yeast nitrogen base broth
supplemented with 2% glucose (Difco Labora-
tories, Detroit, MI) for 18 h on a rotary shaker at
30 8C. The inoculumwas prepared in sterile saline,
as described before [29], and 200 mL was injected
into the lateral tail vein of each mouse. Consider-
ing that weight differences related to gender or age
did not modify the blood volume more than two-
fold, and that diluting the inoculum two-fold was
not associated with signiﬁcant modiﬁcation of the
median survival (data not shown), we considered
that the challenge doses did not need to be
adjusted for body weight as others had done in
similar experiments [27,30].
Animals
Outbred male and female OF1 mice [Ico: OF1
(I.O.P.S. Caw), mean body weight 28 g for male
and 25 g for female] or male CD1 mice [Crl:CD-11
(ICR)BR (CD-11)], 6weeks old with mean body
weight 25 g and 33weeks old with mean body
weight 40 g, were purchased from Charles River,
Saint-Aubin-le`s-Elbeuf, France. The choice of
strains was dictated by their availability in old
mice. Furthermore, we showed in preliminary
experiments that the mean survival of CD1 and
OF1 young males was similar after inoculation
with 2 106 cryptococci. Mice were housed, ﬁve
to eight per cage, in our animal facilities and
received food and water ad libitum. Animal experi-
mentation guidelines were respected in these
studies.
Experimental infections
We studied the inﬂuence of gender or age on
mycological outcome and cytokine response after
intravenous inoculation with C. neoformans in
mice killed on day 8 (n¼ 7 mice/group). Day 8
after inoculation was considered relevant for the
present study as on that day, cerebral lesions and
fungal load were similar in the mouse brain to
those observed in a patient with acquired immune
deﬁciency syndrome who died shortly after the
diagnosis of cryptococcosis [28].We also evaluated
the inﬂuence of gender on the kinetics (days 3, 6, 8
and 10) of these responses after inoculation of
2 106 cryptococci/mouse (groups of ﬁve mice).
Evaluation at later stages of infection was pre-
cluded by the spontaneous deaths that started to
occur on day 12 post-inoculation and earlier stages
were not investigated as the cytokine responsewas
almost undetectable in the plasma 1 day after
infection or earlier [28].
A last set of experiments on groups of 7–12 mice
was performed in order to determine the median
survival time as a function of gender or age.
Spontaneous deaths were recorded daily. Mice
that were unable to reach their food or water were
considered to be dying and were killed by chloro-
form inhalation.
Blood and tissue cultures
Approximately 1mL of blood was obtained by
cardiac puncture from the animals that had been
killed. The plasma samples were individually
divided into aliquots and frozen at 80 8C. Fun-
gemia was assessed by culturing buffy coats, as
previously described [31]. Spleen and brain were
aseptically removed, weighed and ground in
1000 mL sterile phosphate-buffered saline contain-
ing 3% bovine serum albumin (Miles Laboratories,
Spokane, WA). Ten-fold dilutions of the homoge-
nates were plated (100 mL) in duplicate on Sabour-
aud–chloramphenicol agar-coated Petri dishes and
incubated at 28 8C for 48 h. Results are expressed
as log10 colony-forming units (CFU)/g of organ.
The remaining homogenateswere then centrifuged
(12 500 r.p.m., 400 g 10min) and the supernatants
were immediately frozen at 80 8C for subsequent
cytokine assays.
Cytokine immunoassays
Cytokine concentrations in plasma and super-
natants of ground organs were assessed by
enzyme-linked immunosorbent assay (ELISA;
R&D Systems, Abingdon, UK) and determined
by comparison with standard curves. All samples
were tested individually. Cytokine concentrations
in organs were expressed in pg/g using the
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following formula: [concentration in the superna-
tant (pg/mL)]/[organ weight (g)]. According to
themanufacturer, theminimumdetectable plasma
levels of tumour necrosis factor-a (TNF-a), inter-
leukin-6 (IL-6), interferon-g (IFN-g) and IL-10
were: 5 pg/mL, 3 pg/mL, 2 pg/mL and 4pg/
mL, respectively. The corresponding lowest pos-
sible detection thresholds, expressed in pg/g of
organ for themice used in these experiments, were
calculated based on the heaviest organs excised,
and were, respectively: 10, 6, 4 and 8pg/g.
Statistical analysis
Statistical analyses were performed using STATVIEW
4.5 (Abacus Concepts Inc., Berkeley, CA, 1996).
Weights, CFU and cytokine levels were compared
using the Mann–Whitney U or Kruskal–Wallis
test, depending on the number of groups. Com-
parisons of survival between male and female,
and old and young adults were assessed using
the log-rank test. Signiﬁcance was deﬁned as
P< 0.05.
RESULTS
Influence of gender on fungal burden and
cytokine responses
In two different experiments involving a total of 24
mice of each gender, no signiﬁcant difference was
observed between males and females in terms of
median survival time after inoculationwith 2 106
yeast cells. No signiﬁcant difference was observed
when 2 105 yeast cells were used (n¼ 7 mice of
each gender). This lack of difference was noted
despite a sufﬁcient number of deaths for the com-
parison (data not shown).
In relation to fungal burdens and body weights
over time, after inoculation with 2 106 yeasts no
difference was noted between males and females
except for bodyweights at early stages of infection,
reﬂecting differences linked to gender (Table 1).
The major differences regarding cytokine levels
were found on day 6. While no difference in
CFU counts or organ weights were noted, levels
of all the cytokines studied were 2.3-fold higher
in plasma from females than that from males
(Figure 1, P< 0.05). TNF-a and IFN-g levels
were at least 1.7-fold higher in spleens from
females than from males (P< 0.05). No signif-
icant difference was noted in the levels in the
brain.
In the experiment in which animals were killed
on day 8, severity of infection in the spleen, brain
and blood was similar for males and females
inoculated with 2 106 or 2 105 yeast cells (data
not shown). In mice inoculated with 2 106 yeast
cells, CFU counts and differences in cytokine
proﬁles between males and females obtained on
day 8 were comparable to those obtained on day 6
Table 1 Comparison of the evolution of fungemia and fungal tissue burden in male and female OF1 mice inoculated with
2 106 C. neoformans (n¼ 5 mice/group)
Median fungal burden (range)
Time of killing
after inoculation
Body weight
(g)
Blood
(log10 CFU
a/g)
Spleen
(log10 CFU/g)
Brain
(log10 CFU)
Day 3
Male 32 (29–33)b 2.6 (1.0–2.7) 6.0 (5.7–6.1) 5.7 (5.3–5.8)
Female 26 (25–27) 1.5 (1.5–2.7) 5.7 (5.6–6.1) 5.9 (5.7–6.2)
Day 6
Male 32 (29–34)b 0.8 (0.6–1.9) 6.0 (5.8–6.8) 6.9 (6.7–7.0)
Female 24 (23–26) 2.0 (0.6–2.4) 6.3 (5.8–6.5) 6.9 (6.8–7.0)
Day 8
Male 29 (24–29) 4.0 (2.7–5.0) 7.1 (6.6–7.6) 7.4 (7.0–7.7)
Female 26 (20–31) 1.3 (0.7–5.0) 6.0 (5.0–7.2) 7.2 (6.9–7.2)
Day 10
Male 26 (25–33) 6.0 (1.0–6.0) 7.8 (6.3–8.4) 7.2 (6.8–7.7)
Female 22 (19–28) 6.0 (0.9–6.0) 7.7 (6.0–8.3) 7.2 (7.0–7.6)
a CFU, colony forming units.
b P< 0.009 male vs. female.
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in the kinetic study. In mice infected with 2 105
yeast cells, only IL-10 concentrations in plasma
were signiﬁcantly higher in females (median
50 pg/mL; range 4–74) than in males (median
4pg/mL; range 4–64) (P< 0.04).
Influence of age on fungal burden and cytokine
responses
After infection with 2 106 yeast cells, four of
seven young adults and all 12 old mice were alive
Figure 1 Comparison of TNF-a, IL-6, IFN-g and IL-10
levels in plasma and spleen and brain homogenates
between male (open blocks) and female (shaded blocks)
OF1 mice killed 6 days after inoculation with 2 106
C. neoformans/mouse. Results are expressed as means
SEM (n¼ 5 in each group). P¼ 0.009; yP< 0.03 (Mann–
Whitney).
Figure 2 Comparison of fungal burden in blood, spleen
and brain (a) and TNF-a, IL-6, IFN-g and IL-10 levels
in plasma (b) and spleen homogenates (c) between
young (open blocks) and old (shaded blocks) CD1
male mice killed 8 days after inoculation with 2 106
C. neoformans/mouse. Results are expressed as mean-
s SEM (n¼ 7 in each group). P< 0.02; yP< 0.05 (Mann–
Whitney).
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on day 100 (P< 0.01). On day 8 after inoculation,
the median body weight and spleen weight were
signiﬁcantly higher in old mice than in young
adults (42 g, range 39–44 vs. 33 g, range 31–35,
P< 0.004 for body weight and 440mg, range
360–710 vs. 300mg, range 260–410, P< 0.01 for
spleen weights). Fungal burdens in blood and
organs showed that young mice were signiﬁcantly
more severely infected than old mice (Figure 2).
Plasma TNF-a, IFN-g and IL-10 levels were sig-
niﬁcantly higher in young adults than in old mice.
In spleen homogenates, TNF-a and IL-6 levels
were signiﬁcantly higher in young adults while
IL-10 levels were signiﬁcantly higher in old mice
(Figure 2).
DISCUSSION
Several studies have documented the inﬂuence of
gender or of exogenous administration of sexual
steroids on resistance to various pathogens [24–
26,32,33]. Although gender was reported to inﬂu-
ence the epidemiology of human cryptococcosis
[1–4], its potential inﬂuence has never been spe-
ciﬁcally evaluated in experimental cryptococcosis.
For this purpose, we chose in the present study, a
model of progressive disseminated cryptococcosis
in outbred mice which shares several similarities
with the clinical situation, including the cytokine
response in the plasma [28]. Here, the more pro-
nounced cytokine responses were found in the
spleen and blood of female mice in two indepen-
dent experiments, markedly contrasting with the
similar fungal load observed in these compart-
ments. Of note, the similar cytokine proﬁles
observed in the brains of male and female mice,
compared to the differences observed in the other
compartments, further conﬁrm the uniqueness of
the brain in this model of disseminated cryptococ-
cosis [28,31].
The higher levels of TNF-a and IFN-g in females
compared to males, at least in blood and spleen,
are in accordance with the inﬂuence of 17b-estra-
diol and progesterone, but not testosterone, on
TNF-a release by male rat peritoneal macrophages
[15], the increased transcriptions of IFN-g and
TNF-amRNA in the liver after estrogen treatment
in lipopolysaccharide-challenged rats [9], and the
enhanced TNF-a synthesis by the alveolar macro-
phages of endotoxin-injected female rats com-
pared to male rats [10]. The higher IFN-g levels
found in the spleens of C. neoformans-infected
female mice are also in agreement with the height-
ened expression of IFN-g mRNA by murine sple-
nocytes after exposure to estradiol [14]. However,
it should also be kept in mind that among the
female hormones, estradiol and progesterone
may not inﬂuence the cytokine response [12] or
infection control in the same way [33]. Overall,
these results emphasize the complexity of the sex
hormone–immune response interactions. Their
potential relationship in infection control warrants
further comparisons of other aspects of the immune
response, including the humoral response during
experimental cryptococcosis.
When looking at the inﬂuence of age, Aguirre
et al. recently found decreased survival after pri-
mary intravenous C. neoformans infection in old
female mice compared to young female adults
while the CFU counts in organs were comparable
in the two populations [30]. However, usingmales,
we obtained the opposite result, showing how
dependent on the experimental conditions the
conclusions can be. The observation that young
CD1 male mice were signiﬁcantly more severely
infected than their aged counterparts is in accord-
ance with the results of Lovik and North showing
that old mice better controlled Listeria monocyto-
genes infection than their young counterparts [27].
Although the pro-inﬂammatory cytokine response
was less pronounced in old mice compared to
young ones, old animals controlled better the
fungal growth in the various compartments. In
addition, the increased levels of the anti-inﬂam-
matory cytokine IL-10 found in the splenic com-
partment of old mice are in accordance with the
data reported by Hobbs et al., who noted that the
capacity for IL-10 synthesis by the splenic CD4þ
cell pool increased with age [34]. Once again, these
results emphasize the need to also assess other
components of the immune response. Neverthe-
less, the higher plasma TNF-a, IFN-g and IL-10,
but not IL-6, levels found in young mice are in
agreement with previous data obtained in this
model showing a higher production of the above
cytokines in the more severely infected animals
[28].
Overall, these data suggest that host factors,
such as gender and age, should be taken into
consideration when analyzing the immune re-
sponses during C. neoformans infection. Our data
support epidemiological and clinical data showing
differences in susceptibility to cryptococcosis ac-
cording to gender and age.
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